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Introduction
A new class of artificially structured materials called metamaterials makes it possible to achieve electromagnetic properties that do not exist in nature, including dielectric function, ε ε ιε ′ ′′ = + , permeability, µ µ ιµ ′ ′′ = +
, and the refractive index, n n n ι ′ ′′ = +
. For example, negative index metamaterials, with 0 n′ < , have some remarkable properties that make them candidates for a number of potential applications including super resolution [1] .
Veselago showed that a material with simultaneous negative permeability ( µ ) and permittivity ( ε ) is sufficient for a negative refractive index [2] . The general condition for negative index, given by 0 ε µ µ ε ′ ′′ ′ ′′ + < , strictly implies that there is no 0 n ′ < in a passive material with 1 0i µ = + , and thus an artificial magnetic response is essential for a NIM, since no magnetic response is known in natural materials at optical frequencies.
Typically, a NIM is an artificially engineered metal-dielectric composite that exhibits 0 n′ < within a particular wavelength range. Two types of NIMs can be introduced. A double negative NIM (DN-NIM) is a metamaterial with simultaneously negative real parts of effective permeability and permittivity ( 0 µ ′ < and 0 ε ′ < ). A single negative NIM (SN-NIM) has a negative refractive index with exclusive either 0 µ ′ < or 0 ε′ < . At optical wavelengths, obtaining 0 ε ′ < is easy compared with obtaining 0 µ′ < , since noble metals naturally have a negative ε′ above the plasma wavelength.
The ratio n n ′ ′′ − is often taken as a figure of merit (FOM) of NIMs, since low-loss metamaterials are desired. The FOM can be rewritten as
, indicating that a DN-NIM ( 0 µ′ < and 0 ε ′ < ) is better than a SN-NIM with the same 0 n ′ < but with 0 µ ′ > . A DN-NIM will have a lower n ′′ when compared to a SN-NIM with the same value of n ′ . In addition, DN-NIMs can provide better impedance matching as compared to SN-NIMs [3] .
Here, we review some of the work from our group and other groups related to the development of optical metamaterials and demonstration of artificial magnetism and negative index. We specifically focus on our recent work on optical metamagnetics fabricated for the whole visible spectrum from red to blue. We also report our results demonstrating DN-NIM behavior close to 725 nm, which is the shortest wavelength at which DN-NIM behavior has been observed thus far. In addition, we report SN-NIM behavior at 710 nm, which is the shortest wavelength at which a negative index for light has been shown. For surface plasmon polaritons (SPPs) negative index behavior has also been demonstrated at shorter wavelengths in 2D waveguides [4] .
Metamagnetics
Unlike ε , the permeability of all naturally occurring materials, µ ′ , is essentially equal to one at optical frequencies. But, for 0 n′ < , not only 1 µ′ ≠ , but also, ideally, a negative permeability is required. It should be noted that even 1 µ ′ ≠ is of immense importance and can find useful applications in such diverse areas as subwavelength waveguides and antennas [5, 6] , filters [7] and electromagnetic cloaking devices [8] . Initially, split-ring resonators (SRR) [10] and pairs of metal nanorods [11] [12] [13] were proposed for metamagnetics (metamaterials with artificial magnetic response), and a bi-helix metamagnetic was also experimentally realized [9] . The SRR geometry was extensively used to demonstrate artificial magnetism from the microwave frequency range to near infrared wavelengths up to 800 nm [14, 15] . However, the feasibility of the SRR geometry in the optical range is restricted due to inherent saturation effect limiting its magnetic response [16] . We have employed a nanostrip pair design to demonstrate artificial magnetic responses over the entire visible spectrum [17, 18] .
Our metamagnetic structures are periodic arrays of pairs of silver strips. For the study, two samples (denoted as Samples A and B) with slightly different geometries and different silver surface roughness were fabricated using a640_1.pdf OThK1.pdf
OThK1.pdf 978-1-55752-865-0/09/$25.00 ©2009 IEEE electron beam lithography, and the results were reported in [17] . The value of µ' is about -1 in Sample A and about -1.7 in Sample B at the wavelengths of 770 nm and 725 nm, respectively. Fabrication details are discussed in [17] . Sample A and B show negative µ of -1 and -1.7 at 770 nm and 725 nm, respectively. In the TE polarization, both samples act like a "diluted metal" film without any resonant response [17] .
The initial results [17] were later extended to the entire visible spectrum by fabricating a family of nanostrip pairs with a range of widths to provide magnetic resonance across the visible spectrum [18] . The metamagnetic samples were optically characterized to obtain their spectral response and demonstrated a strong resonant behavior in all the samples for wavelengths ranging from 491 nm to 754 nm, covering the majority of the visible spectrum. The position of the magnetic resonance moves towards the shorter wavelengths as the width of the nanostrips pairs decreases, and the permeability ranges from -1.6 at 750 nm to 0.5 at 500 nm.
It has been shown that roughness in the nanostrip structures along with finite size effects result in a decreased negative permeability due to additional losses caused by increased electron scattering [19] . In this case, these effects result in a decreased negative permeability relative to the ideal case by a factor of 7.8 for Sample A and only by a factor of 2.4 for Sample B, which has better surface quality [17] . These results are consistent with the statistical analysis of surface roughness obtained from AFM scans.
In summary, there are substantial deviations from the ideal, smooth silver strip surface and these deviations result in enhanced absorption at the resonances which were observed experimentally in the resonant plasmonic elements of the nano-structured samples. These non-idealities and the resulting deviations from the ideal properties can be reduced by improving the fabrication methods to minimize the imperfections. It is observed that using a slower deposition decreases the surface roughness and gives improved magnetic response.
Negative Index Metamaterials
A modification of the metamagnetic structure, sometimes known as the fishnet structure, were widely used to demonstrate negative indices at 780 nm [20] , 1.5 µm [21] and 2 µm [22] . However, in all these cases, only SN-NIM behavior was observed. The first DN-NIMs in the optical range were demonstrated at 1.4 µm with a FOM of about 3 [21] and 1.8 µm with a FOM above 1 [23] . Later, the wavelength at which DN-NIM behavior has been shown was reduced to about 810 nm with a FOM of 1.3 [3] . For a different polarization, the same sample also demonstrated SN-NIM behavior close to 770 nm with a FOM of 0.7. Here we report the shortest wavelength at which DN-NIM behavior has been observed to date (excluding SPPs in 2D waveguides). This sample shows a DN-NIM response at 725 nm with a FOM of 1.05. We also report results obtained from a sample showing 0 n′ < at the shortest wavelength to date [25] . This recent sample exhibits SN-NIM behavior at 710 nm with a FOM of 0.5.
The structures were fabricated using a procedure similar to that used for fabricating the metamagnetic samples. In the fabrication process, a slow deposition rate was used in order to minimize the roughness of the metal surface. The structures were characterized by measuring the spectral response. We used the properties of bulk silver in our simulations [24] with the tripled relaxation constant to account for additional losses [3] . The agreement is excellent above 600 nm, which includes the important region of DN-NIM behavior.
Additional simulations provide comprehensive proof on the origin of the two main resonances around 550 nm and 720 nm. Figure 1(a) shows a schematic of a unit cell of the fishnet structure. The region marked with the red hashing is the area which is responsible for the resonances. Figs. 1(b) and (c) depict the field maps of the highlighted region at 540 nm and 720 nm respectively. The absorbance spectrum shows strong resonant behavior at these two wavelengths. The color maps represent the magnetic field normalized with respect to the incident magnetic field. The arrows show the electric displacement vectors. Fig. 1(b) indicates that the electric displacement in both the top and bottom metal strips are aligned together, resulting in strong electric dipole response and implying a resonance that is electrical in nature. In Fig. 1(c) the electric displacement in the two metal strips are oppositely directed, resulting in a magnetic dipole moment that is evident from the strong magnetic field between the two strips. The magnetic field in the dielectric space is negative with respect to the incident field, resulting in a negative permeability.
The best FOM of 1.05 is obtained at a wavelength of 725 nm, where n ′ is about -0.8. The minimum value of the refractive index, 1.2 n ′ ≈ − , is achieved at 735 nm, but with a lower FOM of 0.7. As indicated in [25] , µ ′ is ) is obtained at a wavelength of 725 nm, where 1.2 ε ′ ≈ − . We also report SN-NIM behavior at the shortest wavelength to date. The simulated and experimental results are further detailed in [25] . The structure shows a maximum FOM of 0.5 at 710 nm with 0.6 n ′ ≈ − . This is the shortest wavelength at which a negative index has been demonstrated for light.
Conclusions
Metamaterials have the potential of adding another dimension to the set of existing materials by providing us with novel properties that do not exist in nature. Optical metamagnetics and negative index metamaterials are two such examples. We have seen that optical metamagnetics allow us to obtain a magnetic response in the infrared and across the entire visible spectrum in spite of the fact that no natural material exhibits magnetic behavior at these frequencies.
Negative refractive index has been demonstrated at optical wavelengths using various geometries like paired nanorod arrays and fishnets. Of these, the fishnet geometry shows more promise, and it has been used to demonstrate a DN-NIM response at wavelengths as short as 725 nm as reported in this paper. The sample showed a maximum figure of merit of 1.05 with 0.8 n′ ≈ − . We have also reported the shortest wavelength at which NIM behavior has been observed. The sample displayed a SN-NIM response at 710 nm with a maximum FOM of 0.5 with 0.6 n ′ ≈ − . We have also shown that the quality of the nanostructured metal in metamagnetics and NIMs can have a substantial impact on their performance. By using optimized fabrication procedures, there is significant room for improving the metamaterial properties. We observed that by utilizing a slower deposition rate, the surface roughness of the structures can be reduced resulting in a much better response.
As the field of metamaterials continues to grow and expand, we anticipate a variety of unique and exciting applications in optics based on this new class of materials.
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